Various clinical populations display atypical volume asymmetry of language structures and also the auditory M100 source. Although such atypical volume asymmetries have also been observed in autism, M100 source asymmetries have not yet been investigated. We examined M100 asymmetry in autism and its relationship with language functioning. Evoked neural activity to a 1 kHz tone was recorded using whole-cortex 151-channel magnetoencephalography in three groups of individuals. A single-dipole model identified the M100 generator in auditory cortex in each hemisphere. Healthy adults and control children displayed the expected right-sided M100 anteriority, whereas children with autism showed no such asymmetry. An association was found between language functioning and the degree of asymmetry across the two groups of children, suggesting a possible relationship between functional-structural asymmetry and language ability. NeuroReport 20:1037-1041 c 2009 Wolters Kluwer Health | Lippincott Williams & Wilkins.
Introduction
One of the defining features of autism is language impairment. A number of studies have linked language impairment in autism with reversed or absent patterns of neural asymmetry as compared with the typically developing population. Such asymmetries have been shown in autism in evoked potentials to speech stimuli [1] and also volume of neural language structures, including frontal and temporal areas [2, 3] and in particular, the planum temporale [4] . Although such neural asymmetries may be nonspecific indicators of pathology, or at least diagnosis, they may also be linked with language functioning in some way. A number of studies link atypical structural asymmetries with language functioning. The absent or reversed patterns of neural asymmetry found in autism are also observed in language disorders, such as dyslexia [5] , developmental language disorder [4] , and specific language impairment (SLI) [2] . Schizophrenia, although not a language disorder per se, is also characterized by language difficulties in addition to atypical asymmetry [6, 7] ; for reviews, see Refs [8, 9] .
Another potential measure of asymmetry is the M100 source. The auditory M100, assessed using magnetoencephalography (MEG), localizes near Heschl's gyrus and the planum temporale [10] . It is the magnetic counterpart to the N1 electroencephalographic component, occurring approximately 100 ms after an auditory stimulus in adults. Healthy adults show M100 asymmetry with a more anterior right hemisphere (RH) than left hemisphere (LH) source [11] . This asymmetry is reversed or absent in adults with dyslexia or schizophrenia (e.g. Ref. [12] ), but has not to our knowledge been explored in autism. The above-mentioned comparable patterns of atypical structural asymmetries in dyslexia, schizophrenia, and autism suggest that the M100 source may be similarly affected in autism. M100 source asymmetry differences have also been linked with language functioning [13] .
The existence of atypical structural asymmetries in autism leads to our first hypothesis. We tested the idea that children with autism will show reduced or reversed M100 asymmetry similar to that showed in other disorders. As both atypical structural [2, 4, 5] and M100 source [13] asymmetries have been linked with language functioning, the second hypothesis we tested was that the degree of M100 source asymmetry would be associated with language abilities across controls and individuals with autism.
Methods

Participants
Eleven healthy adults, 13 children with typical development, and 13 children with autism were recruited from the Hospital for Sick Children, Toronto community. Participants were excluded from group analysis if any of the following was observed in either hemisphere: a lack of auditory response, residual variances greater than 20% (poor dipole model-data fits), or a dipole source located outside the superior temporal region as described below. Ten adults (five women, two left-handed) ranging in age from 21 to 53 years (M = 33.5 years, SD = 8.2), eight children with autism (one girl) ranging in age from 8 to 15 years (M = 11.7 years, SD = 1.9), and seven typically developing children (six girls) ranging in age from 9 to 16 years (M = 11.4 years, SD = 2.2) remained after these exclusion criteria were applied. There were no differences in age between the two groups of children [t(13) = 0.29, P = 0.78]. All non-adult participants were right-handed according to the Edinburgh Handedness Inventory [14] . All data were collected and informed consent was obtained with the approval of the local institutional research ethics board.
Autism spectrum diagnosis
Children with autism met the criteria for autism or autism spectrum disorder on the Autism Diagnostic Observation Schedule (ADOS) [15] , with the possible exception of one participant who had a known diagnosis of autistic disorder, but for whom ADOS scores were unverifiable. Children with typical development scored in the normal range on this instrument.
Oral language ability
The Clinical Evaluation of Language Fundamentals -4th edition (CELF-4) [16] was administered to all non-adult participants. On the basis of performance on four subtests, an age-based standardized Core Language score was obtained that provided a global representation of a child's overall expressive and receptive language abilities. The CELF-4 [16] Core Language scores were lower in children with autism (M = 66, SD = 16) than children with typical development (M = 119, SD = 9; t(13) = -7.8, P < 0.01).
Intelligence
All non-adult participants had a nonverbal intelligence standard score of at least 82. In most cases, this was measured using the Weschler Intelligence Scale for Children (WISC; [17, 18] ). One child with autism had unreliable performance on the WISC, and therefore the Leiter-R [19] was used to measure his nonverbal intelligence. Nonverbal intelligence standard scores did not differ between typically developing children (M = 116, SD = 12) and children with autism (M = 102, SD = 14), t(13) = 2.13, P = 0.05. Verbal or full-scale intelligence scores on the WISC were not used to estimate cognitive ability because of the potential for interference of language impairments in the children with autism.
Equipment and procedure
Non-adult participants first attended a standardized testing session, in which they completed the ADOS, CELF, and WISC. Then, participants completed a MEG session where they participated in two experimental procedures (one reported in Ref. [20] ) in which stimuli were tone pairs consisting of two 1-kHz sinusoidal tones, 40 ms in duration (with 10 ms linear onset/offset ramps). The tone pairs in the two experiments had interstimulus intervals of 150 and 800 ms, respectively. Stimuli were digitized at a 41.1-kHz sampling rate using SoundForge audio digitization software (Sonic Foundary Inc., Madison, Wisconsin, USA) and presented by using E-Prime experimental software (Psychology Software Tool Inc., Pittsburg, Pennsylvania, USA). Stimuli were digital-toanalog converted on an external 24-bit device (UA-5, Edirol Inc., Bellingham, Washington, USA) and processed through high-caliber amplification instrumentation (Series III, Tucker Davis Technologies Inc., Alachua, Florida, USA) with 1 dB resolution. The auditory signal was delivered through a sound pressure transducer and sound conduction tubing (ER3A, Etymotic Research, Elk Grove Village, Illinois, USA) to the individual peripheral auditory canal through eartip inserts, which attenuated ambient environmental noise.
After determining each individual's auditory threshold, at least 120 stimulus pairs were presented to the right ear at 50 dB above threshold, with pseudorandom intertrial intervals of 0.5-1.5 s for the first condition and 3-5 s for the second. Evoked neural activity to the tone pairs was recorded at a sampling rate of 1250 Hz using a whole cortex, 151-channel MEG system (CTF Systems, Inc., Vancouver, British Columbia, Canada). Data epochs, which include a 200-ms prestimulus baseline for determination of ambient brain activity and noise, of 1300 and 800 ms were recorded for the first and second experimental conditions, respectively. To minimize fatigue and encourage an awake state during acquisition, participants viewed (but did not listen to) a movie projected on a video screen positioned at a comfortable viewing distance.
Analysis
All data were DC offset corrected with respect to the prestimulus baseline before artifact detection. After the removal of any inappropriately biased ('bad') channels and trials containing artifacts [ > 16 pT based on a root mean square (RMS) vector analysis across all channels], data were averaged and band-pass filtered offline with 1 and 40 Hz cutoffs. For each hemisphere, left and right, characteristic M100 peaks to the first tone of each averaged stimulus type were identified through calculation of RMS field strength at each sample point across the 70 channels defining each cerebral hemisphere. The M100 peak was defined as the point with the maximum RMS signal in the latency range 80-150 ms for adults or 90-180 ms for children (a wider and later latency window was used to allow for the known prolonged M100 latency at younger ages), which satisfied a single-dipole model and with a topographic distribution with maxima and minima emerging and entering fields approximately distributed on either side of the putative temporal cortex. Two children with typical development and four children with autism showed no identifiable M100 response by the above criteria in either the RH or LH and were excluded from further analysis.
A single-equivalent current dipole that best accounted for the magnetic flux distribution was calculated to determine the three-dimensional coordinates of the source of each M100. Dipole fits with residual variance exceeding 20% were rejected as unsatisfactory, as were dipole models as originating outside the ipsilateral superior temporal region. In some cases, the occipital sensors were excluded from the dipole fit source modeling when this provided a better fit. One adult and one child with typical development had residual variance at the M100 peak of greater than 20% and three children with typical development and one child with autism had a dipole model originating outside of the superior temporal region; all were excluded from further analysis. To calculate a measure of asymmetry, an M100 peak must have been apparent in both the RH and LH. To get the best possible measure of the M100, the response to the first tone (known to be a stronger, more consistent response) in the condition with the longest silent gap showing responses in both hemispheres was used to estimate the equivalent current dipole.
Anterior-posterior asymmetry was determined using paired sample t-tests of LH and RH M100 x-axis values (positive values extending anteriorly from the MEG origin and negative values posteriorly along the sagittal plane) for each group. To facilitate analyses of the correlation between asymmetry and language ability, an asymmetry index was calculated for each participant. This was derived by subtracting the LH x-axis value from the RH x-axis value, such that a positive number represented a more anterior RH source, and a negative number, a more anterior LH source.
Results
Analysis of anterior-posterior asymmetry revealed that, in control children, right M100 sources (mean x-axis = 0.8 cm, SD = 0.9) were located anterior to left M100 (mean x-axis = -0.2 cm, SD = 0.9, t(6) = 3.52, P = 0.01). This pattern was also present in control adults (right mean x-axis = 0.6 cm, SD = 0.9, left mean x-axis = -0.1 cm, SD = 0.7, t(9) = 2.2, P = 0.05), but absent in the children with autism (left mean x-axis = 0.2 cm, SD = 1.5, right mean x-axis = 0.1 cm, SD = 1.2, t(7) = -0.15, P > 0.05). Figure 1 depicts individual x-axis values for each group, along with the group means.
To examine the relationship between anterior-posterior asymmetry and language ability, the two groups of children (control children and children with autism) were combined. Pearson's correlation showed that the M100 anterior-posterior asymmetry index was positively associated with the CELF-4 scores in the combined group (r = 0.52, P < 0.05; Fig. 2 ). There was no relationship between M100 asymmetry and nonverbal intelligence (P > 0.05).
Discussion
In this study, we examined LH-RH anterior-posterior positional M100 asymmetry in healthy adults, children with typical development, and children with autism, and also the relationship between asymmetry and language abilities in children. Unlike children with typical development and adults, children with autism did not show evidence of the anterior-posterior M100 asymmetry previously reported in healthy adults [11] ( Fig. 1) , supporting our hypothesis. Rather, there was no consistent pattern of relationships between LH and RH M100 source, suggesting a heterogeneous pattern of asymmetry (or lack thereof) in autism. Lack of overall asymmetry is consistent with findings of volume asymmetry abnormalities of language structures in autism. These include atypical volume asymmetry of planum temporale (one source of the M100 [11] ) and other language structures [3, 4] .
We suggest that the heterogeneity of this finding may be linked with the heterogeneity of language functioning in autism. Specifically, it may be that asymmetries in autism are specifically linked with language functioning rather than a diagnosis on the autism spectrum. This suggestion is consistent with a number of previously reported findings. For example, De Fossé et al. [2] report reversal of volume asymmetry of Broca's area in boys with language impairment compared with those without language impairment, irrespective of the presence of an autism diagnosis. Neural rapid temporal processing deficits have also been reported in children with language impairment and children on the autism spectrum with language impairment, but not in those whose language was unimpaired [20] , suggesting that it may be specifically language abilities that are tied to neurological signs of auditory dysfunction in autism and perhaps other disorders. Oram Cardy et al. [21] further report that M50 and M100 latencies, particularly in the RH, are more closely linked with language functioning than with an autism diagnosis.
This pattern of findings led us to examine the relationship between language functioning and our measure of M100 source asymmetry. We included the children with typical development because of previously reported associations of anatomical risk factors in language disorders and reading skills in normal children [22] . An association between language abilities (measured by the CELF-4) and M100 asymmetry in the combined group with typical development and children with autism was observed (Fig. 2) . Visual inspection of the scatterplot indicates that this relationship is evident in the control children alone, ruling out the possibility that the association was an artifact of the differences in the CELF-4 scores between the two groups of children.
Although atypical M100 positional asymmetry is often considered a general risk factor for various neurobiological disorders, the present findings show an association between M100 positional asymmetry and language ability in particular.
This finding is consistent with similar associations between other measures of brain asymmetry and language ability. Leonard et al. [22] report that children and adults with learning disabilities and a lack of planum temporale asymmetry had language comprehension deficits similar to those found in SLI. Dawson et al. [1] used the N1 event-related potential component to derive measures of asymmetry in children with autism, dysphasia, and matched controls. Typically developing children showed stronger LH than RH responses, whereas children with autism and dysphasia showed the opposite. In children with autism, lower language scores were associated with more pronounced asymmetry reversal. Thus, strong positional asymmetry may be a sign of healthy language functioning, whereas a reduction or lack of asymmetry could indicate weaker or abnormal language functioning.
Although these findings suggest a link between language functioning and atypical asymmetry in autism, results must be treated with caution because of the small sample size and the developmental heterogeneity found among children in general and in children with autism in particular. Present findings are promising and would benefit from extension to larger groups of participants, including a group of children with SLI. SLI has been directly compared with autism (for a review, see Ref.
[23]), and SLI and autism may be phenotypically linked [3, 20, 21] . As a result of the link reported here between language ability within autism and between children with and without autism, a group of children with SLI would complete the picture. 
Conclusion
Children with autism failed to show a right-sided M100 anteriority found in healthy adults and control children. Furthermore, an association was found between language functioning and the degree of asymmetry across the two groups of children.
